background: During conventional in vitro maturation (IVM), oocytes undergo nuclear maturation but do not attain full cytoplasmic maturity. The present study aimed to evaluate the quality of denuded in vitro matured human oocytes (¼ 'rescue IVM') following a prematuration culture (PMC) in a three-dimensional (3D) co-culture system with cumulus cells. methods: Denuded, germinal vesicle (GV) oocytes retrieved from controlled ovarian hyperstimulation (COH) cycles were embedded in collagen (Type I) gel containing dissociated cumulus cells and a specific phosphodiesterase 3-inhibitor (PDE3-I) for 24 h. Afterwards, oocytes were removed from the gel and transferred to IVM inhibitor-free medium. The reversibility of PDE3 inhibition was assessed following IVM culture for a maximum of 48 h. Cytoplasmic maturation was assessed by the oocytes' capability to fertilize after ICSI and sustain further embryonic development. Conventional microdroplet cultures of denuded oocytes, with and without PMC, served as controls.
Introduction
The major challenge in developing in vitro maturation (IVM) systems is to create environmental conditions and to support oocyte development, which approach the in vivo situation. Current IVM culture systems are often unable to fulfil these criteria. This is clearly demonstrated by the lower success rates in achieving pregnancy of embryos derived from in vitro matured oocytes (for review, see Chian et al., 2004; Mikkelsen, 2005; Jurema and Nogueira, 2006) .
In vitro matured oocytes undergo maturation 'precociously' while they are still in the process of acquiring the cytoplasmic machinery needed to fully support preimplantation embryonic development (Dieleman et al., 2002; Sirard et al., 2006; Gilchrist and Thompson, 2007) . Therefore, several researchers have tried to improve the oocytes' developmental potential by temporarily inhibiting spontaneous meiotic maturation, in an attempt to arrest oocytes at the germinal vesicle (GV) stage while cytoplasmic maturation takes place. In this way, a two-step culture has been created consisting of a prematuration culture (PMC) followed by IVM (Lonergan et al., 1998; Anderiesz et al., 2000; Nogueira et al., 2003) .
Spontaneous maturation can be prevented by exposing the oocytes to compounds that inhibit meiosis. Oocyte-specific phosphodiesterase type-3-inhibitors (PDE3-Is; e.g. cilostamide, milrinone, Org9935) are potent candidates for this purpose. These agents keep intra-oocyte cAMP levels above a threshold that maintains the oocyte arrested at the GV-stage in vitro (Tsafriri et al., 1996; Conti et al., 2002; Thomas et al., 2002) . Inclusion of PDE3-I in the culture medium during a period of PMC is likely to improve quality and developmental potential in mouse (Nogueira et al., 2003; Vanhoutte et al., 2008) and bovine (Thomas et al., 2004b) oocytes. In addition, enhancement of nuclear maturation rates occurs when human cumulus-enclosed oocytes (CEOs) are prematured in the presence of PDE3-I . Furthermore, combined exposure of human CEOs to PDE3-I and forskolin, an adenylate cyclase activator, has a positive effect on fertilization rates following IVM (Shu et al., 2008) .
A similar approach has recently been tested by our group on denuded GV-stage oocytes obtained after ovulation induction for ICSI treatment (Vanhoutte et al., 2007) . Although these oocytes are of poor developmental quality compared with their in vivo matured counterparts and, therefore, routinely considered as a side-product of the IVF treatment, they may be valuable for studying new IVM protocols. Furthermore, these dysmature oocytes can be rescued by IVM and could be a surplus material for ICSI patients when a low number of mature oocytes are retrieved.
PMC of those denuded GV-stage oocytes with a PDE3-I contributes to a better coordination between nuclear and cytoplasmic maturation (Vanhoutte et al., 2007) . However, a clear drawback in this experimental set-up remains the fact that cumulus cells are absent during PMC. Owing to research conducted during the past decade, it is now clear that the bidirectional communication between the oocyte and its surrounding cumulus cells plays an important role in the acquisition of oocyte developmental competence and in subsequent embryogenesis (for review, see Albertini et al., 2001; Eppig, 2001; Tanghe et al., 2002; Gilchrist et al., 2004) . Removal of the cumulus oophorus before IVM is detrimental to oocyte quality (Kennedy and Donahue, 1969; Schroeder and Eppig, 1984; Hwang et al., 2000; Ruppert-Lingham et al., 2003; Nogueira et al., 2006) . To circumvent this deficiency, some researchers have tried to establish co-culture systems of human denuded GV oocytes with dissociated cumulus cells (Häberle et al., 1999; Johnson et al., 2008; Zhu et al., 2008) . These studies, however, have been unable to show a significant improvement in IVM outcome. An attempt to better mimic the physiological situation is to create a system that permits a tight contact between the dissociated cumulus cells and the oocyte in a three-dimensional (3D) structure, by making use of an extra-cellular matrix (ECM) (Combelles et al., 2005; Torre et al., 2006) .
A superior culture condition for human denuded GV oocytes (¼ 'rescue IVM') could be the combination of a similar 3D co-culture system in a period of PMC. In this way, the unhealthy condition of precocious spontaneous maturation is circumvented by the addition of a PDE3-I, while the surrounding somatic cells may produce a suitable micro-environment to support prematuration events of the oocyte. The current study was undertaken to test this hypothesis. Denuded GV-stage oocytes, retrieved following controlled ovarian hyperstimulation (COH), were prematured in a 3D co-culture with cumulus cells for 24 h. Nuclear maturation capability was assessed upon release from artificial meiotic arrest. Embryonic developmental potential was evaluated subsequently as a marker for oocyte cytoplasmic quality. Possible adverse effects of collagen embedding on cell morphology and viability were analysed under light, confocal and electron microscopy.
Materials and Methods
The study was undertaken after complete institutional review board approval from the Ghent University Ethical Committee (Project no. EC UZG 2006/168 and 2006/128) . In addition, the study was filed to the Federal Ethical Committee on Embryos. Written informed consent was obtained from each infertile couple before the use of their donated gametes.
All products were purchased from Sigma-Aldrich (Bornem, Belgium), unless otherwise indicated.
Source of oocytes
Oocytes that failed to mature in vivo were donated by women undergoing IVF/ICSI treatment in our Department of Reproductive Medicine. All patients underwent COH after cycle synchronization with a standard contraceptive pill for 2 -6 weeks. A short gonadotrophin-releasing hormone agonist protocol was used, consisting of 0.1 mg of triptorelin (Decapeptyl, Ipsen, France) from Day 5 onwards after discontinuation of the oral contraceptive. This was followed by human menopausal gonadotrophin (hMG; Menopur, Ferring, Germany) or follicle-stimulating hormone (FSH; either Gonal-F, Serono, Geneva, Switzerland, or Puregon, Organon, Oss, The Netherlands) from Day 7 after discontinuation of the pill onwards. The starting dose was usually 150 IU, but this dose was adjusted after 7 days of hMG or FSH administration, according to the individual response of the patient. Known poor responders were started on 300 IU of hMG or FSH daily. The follicular phase was monitored by means of transvaginal ultrasound scanning of the ovaries and serum estradiol measurement if judged necessary. An injection of 5000 or 10 000 IU human chorionic gonadotrophin (hCG; Pregnyl, Organon) was administered when half of all mature follicles had reached a mean diameter of at least 20 mm, measured in two planes. Oocyte retrieval was scheduled 34-36 h after hCG administration.
Oocytes were denuded enzymatically by a brief exposure to 80 IU/ml hyaluronidase (Type III), followed by mechanical denudation. In order to perform a more controlled study, all oocytes were completely denuded before starting PMC and IVM. The nuclear status of denuded oocytes was recorded. Only morphologically normal appearing GV-stage oocytes were used in the study.
Isolation and treatment of cumulus cells
Cumulus cells were collected after enzymatic and mechanical removal from the oocytes at the time of oocyte preparation for ICSI. To obtain sufficient numbers, cumulus cells from different patients were pooled and centrifuged for 5 min at 400g. The resulting pellet was resuspended and exposed to a lysis buffer to remove red blood cells (8.29 g/L NH 4 Cl þ 1.0 g/L KHCO 3 þ 0.58 g/L EDTA in embryo water, pH 7.2; 5 min at 378C). The cumulus cells were then pelleted down by centrifugation and resuspended in 1 ml of warm Ca/Mg-free EBSS medium (Invitrogen, Merelbeke, Belgium) supplemented with 5% human serum albumin (HSA; Red Cross, Brussels, Belgium). This procedure was repeated at least twice to remove all traces of hyaluronidase and cell debris. Cell clusters were dispersed by repeated gentle pipetting. Finally, cells were resuspended in a small volume of PMC-medium (composition below) and counted in a haemocytometer. Cell viability was estimated by Trypan Blue exclusion and was found to be consistently higher than 80%.
Three-dimensional co-culture
The co-culture was prepared as described by Combelles et al. (2005) with some modifications. An ECM solution composed of collagen (3.79 mg/ml rat tail collagen Type I; BD Biosciences, Erembodegem, Belgium) was brought to neutral ionic strength and pH (7.4) by quickly mixing eight volumes with one volume of 10Â concentrated and one volume of 0.05 N NaOH containing 22 mg/ml NaHCO 3 . This solution was kept on ice until usage. Collected and purified cumulus cells were mixed with this neutralized collagen solution at a final density of 2 Â 10 6 cells/ml. Microdroplets (4 ml) of this cell suspension were seeded in the wells of a 96-well plate (BD Biosciences), creating gels that contained around 8000 cumulus cells each. A single immature oocyte was added carefully to each droplet in a minimal volume of medium, which was then allowed to polymerize at 378C for 10 min before adding 80 ml of PMC-medium (composition below) to each well (final density of 1 Â 10 5 cells/ml/well).
Culture medium for oocyte maturation
The basal culture medium was Tissue Culture Medium 199 (TCM 199) supplemented with 5 mg/ml human transferrin, 5 ng/ml sodium selenite, 10 ng/ml human recombinant insulin, 100 ng/ml long R3 insulin-like growth factor-I, 100 mM cysteamine hydrochloride, 10 mIU/ml FSH (Puregon, Organon), 1 mM L-glutamine, 0.3 mM sodium pyruvate, 0.8% HSA (Red Cross), 100 IU/ml penicillin G and 100 mg/ml streptomycin sulphate. The PMC-medium was composed of the basal medium plus 1 mM cilostamide, a specific PDE3-I (Calbiochem, Bierges, Belgium; Stock 10 mM in DMSO stored at 2208C) (Vanhoutte et al., 2007) .
The IVM-medium was constituted by the basal medium supplemented with 10 ng/ml epidermal growth factor, 1 mg/ml estradiol and 0.5 IU/ ml hCG (Pregnyl, Organon).
Experimental design for GV-stage oocyte culture
A schematic presentation of the study design is shown in Fig. 1 . Oocytes from each patient were randomly allocated to three different culture conditions:
(i) Conventional IVM: oocytes were cultured individually in 25 ml microdrops of IVM-medium. Evaluation during the IVM period was performed at 24 h, up to 30 h (from 25 to 30 h) and up to 48 h (from 31 to 48 h) of culture. The nuclear maturational stage was classified as GV, GV breakdown (GVBD) or polar body (PB) extrusion. (ii) PMC in microdroplets þ IVM: oocytes were prematured singly in 25 ml microdrops of PMC-culture medium. The oocytes were maintained arrested for 24 h. PDE3-I withdrawal was carried out by washing the oocytes three times in IVM-medium. IVM culture and evaluation of nuclear stage were performed as described in group (i). (iii) PMC in 3D co-culture þ IVM: oocytes were prematured in a 3D co-culture system containing cumulus cells embedded in collagen.
The oocytes were prematured for 24 h and were subsequently removed manually with a pulled Pasteur pipette from the gel. Denuded oocytes were washed and placed in IVM-medium and evaluated as described in group (i).
All cultures were carried out in a humidified atmosphere of 5% CO 2 in air at 378C.
ICSI procedure and embryo culture
Oocytes matured under different culture conditions were fertilized by ICSI between 1 and 4 h after the PB had been visualized. Sperm cells for ICSI were obtained the previous day from several male patients with excellent sperm characteristics (¼ number of sperm cells, motility and morphology) and who consented to donate supernumerary sperm cells for scientific research. After injection, oocytes were cultured individually in Sydney IVF Cleavage Medium (Cook, Ltd, Limerick, Ireland) for 3 days.
Fertilization was evaluated 16 -18 h post-injection and was considered normal when two pronuclei were identified. Embryo morphology was classified as 'excellent', 'good' or 'poor', based on morphological criteria. Embryos with four or five blastomeres on Day 2 and a minimum of seven blastomeres on Day 3, ,20% fragmentation and no visual signs of multinucleation were scored as 'excellent morphology'. Those with two or three blastomeres on Day 2 and a minimum of six blastomeres on Day 3, ,20% fragmentation and no visual signs of multinucleation were scored as 'good morphology'.
Immunostaining and confocal imaging of cumulus cells and embryos
Three-dimensional-cultured cumulus cells and embryos of excellent and good morphology on Day 3 post-ICSI were evaluated for cytoskeleton organization and/or nuclear anomalies. The samples were simultaneously fixed and extracted in a microtubule-stabilizing buffer, as described elsewhere (Mattson and Albertini, 1990) . To visualize microtubules, cells were incubated in the presence of a mixture of mouse monoclonal anti-a,b-tubulin (1:200) overnight at 48C, followed by Alexa Fluor 488 conjugated goat-anti-mouse IgG (1:200; Molecular Probes, Eugene, Oregon) for 2 h at 378C. Chromatin was stained with Ethidium Homodimer-2 (1:500; Molecular Probes) for 1 h at 378C. Labelled samples were mounted on microscope slides in 90% glycerol-PBS solution containing 0.2% 1,4-diazabicyclo[2.2.2]octane as an antifading reagent. Preparations were observed using a laser scanning confocal microscope (Bio-Rad Radiance 2000 mounted on a Nikon inverted microscope; Tokyo, Japan) equipped with an Argon-ion/HeliumNeon (488/ 543) laser and selective filter sets for Alexa Fluor 488 and Ethidium Homodimer-2. Images were obtained using a Â60 plan oil immersion objective (numerical aperture 1.2).
For evaluation of embryos, all interphase and metaphase stage nuclei were carefully examined and counted in each blastomere. Interphase nuclei were classified as mono-, bi-, multinucleated or fragmented. Spindle morphology and chromosome alignment in metaphase nuclei were classified as normal (i.e. barrel-shaped spindle and well-aligned chromosomes at the equator) or abnormal.
Transmission electron microscopy
In order to explore morphological characteristics of the 3D-PMC co-culture, a few samples (n ¼ 6) of collagen gels containing oocytes and cumulus cells were fixed at the end of PMC in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.3). After post-fixation with 1% osmium tetroxide in cacodylate buffer and dehydration in graded series of alcohol, cells were embedded in Epon. Serial semithin sections of 1 mm were cut throughout the oocyte and stained with Toluidine Blue for Figure 1 Schematic diagram of the study design. light microscopic guidance. Ultrathin sections (0.1 mm) for electron microscopic evaluation were collected at the point where the nucleolus of the oocyte was visible. The sections were transferred on wide single-slot copper grids, coated with carbon film and stained with uranyl acetate and lead citrate. Evaluation was done with a Zeiss E900 transmission electron microscope (Oberkochen, Germany).
Measurement of steroids
At the end of PMC, conditioned media from 3D-cultured cumulus cells with oocytes were collected and stored at 2208C. The media were assayed for progesterone (P) and estradiol-17b (E 2 ) to validate the functionality of collagen-embedded cumulus cells during the PMC period. PMC-medium placed over collagen with no cells served as the unconditioned medium control. Concentrations of steroid hormones were measured by clinical routine immunoassays after an appropriate dilution in steroid-free culture medium. Kits were obtained from Roche Diagnostics GmbH (Mannheim, Germany; E 2 : analytical sensitivity: 5 pg/ml; intraand inter-assay coefficients of variance: 5.7% and 6.2%; P: analytical sensitivity: 0.03 ng/ml; intra-and inter-assay coefficients of variance: 2.4% and 5.4%). Data are presented as means + SD from five measurements. For each measurement, the medium of six wells derived from the same cumulus cell preparation was used.
Statistical analysis
The Fisher exact test or contingency x 2 test was used to evaluate differences in maturation, fertilization, cleavage rate, embryo quality and embryo nuclear status between conventionally in vitro matured oocytes and the PMC groups. A Bonferroni correction for multiple testing was performed. Differences in mean number of blastomeres were calculated using one-way ANOVA, followed by Tukey post hoc test. A level of P , 0.05 was considered statistically significant.
Results
Effect of PMC method on the maturation capacity of oocytes Table I shows the cumulative time course of meiotic progression under different IVM conditions. There was no difference in the proportion of oocytes maintained at the GV stage (.90%) in the two PMC groups (microdroplet versus 3D co-culture).
Upon 24 h of IVM culture, the percentage of PB-extruded oocytes in the conventional IVM group was significantly higher compared with the PMC groups (P , 0.05). However, no difference was observed during the subsequent IVM culture (up to 30 h and up to 48 h). Final maturation rates at the end of IVM were equal among the three experimental groups.
Effect of PMC method on fertilization and embryo development
The results regarding fertilization and embryo development are presented in Table II Values within the same row with different superscripts are statistically different (P , 0.05). *Oocytes were removed from collagen prior to IVM. quality embryos and a significantly lower number of bad quality embryos were obtained on Day 3 in the 3D-PMC compared with the other groups (P , 0.05). The mean number of blastomeres was not statistically different between groups (P . 0.05).
Nuclear status of embryos
The double-labelling method allowed the co-observation and localization of the nucleus (chromatin) and cytoskeleton (tubulin) of individual blastomeres in embryos on Day 3 post-ICSI (see Fig. 2 and Table III ).
The mean number of blastomeres analysed per embryo was not different among the groups. The 3D-PMC group contained significantly more mononuclear blastomeres compared with the other groups (63.3% versus 47.1% in microdroplet-PMC and 37.5% in conventional IVM; P , 0.05). The percentage of multinucleated, fragmented and anuclear blastomeres was lower in the 3D-PMC compared with the conventional IVM (P , 0.05), but not different compared with the microdroplet-PMC.
In addition to interphase nuclear abnormalities, we identified some metaphase abnormalities in all groups. This included mostly the disalignment of chromosomes (Fig. 2C) . However, the number of blastomeres at metaphase was too low to identify any statistical difference among the groups.
As a result of these observations, 60% (n ¼ 15) of the embryos in the 3D-PMC group contained at least 50% blastomeres with normal interphase and/or metaphase configuration, while this was 16.7% (n ¼ 1) in the conventional IVM group and 44.4% (n ¼ 4) in the group of PMC in microdroplets (P . 0.05).
Morphological characteristics of the 3D-PMC co-culture
Representative light microscopic and confocal images of the 3D-PMC co-culture are shown in Fig. 3 . At the end of PMC, the GV oocytes were surrounded by multiple layers of cumulus cells which covered the whole surface of the zona pellucida (Fig. 3A) . Numerous cytoplasmic processes between neighbouring cumulus cells were noticed ( Fig. 3B and D) . In addition, these processes appeared to have an extension towards the oocyte (Fig. 3C) . Electron microscopy allowed a more accurate observation of the oocyte, cumulus cells and possible interactions at the oocytecumulus interface at the end of 3D-PMC (Fig. 4) .
Oocytes
Collagen embedding seemed to have no deleterious effect on the ultrastructural morphology of the GV-arrested oocyte. The general nuclear and cytoplasmic organization did not present morphological abnormalities (Fig. 4A) . No signs of vacuolization were observed in the cytoplasm. The nuclear membranes of all prematured GV-arrested oocytes had remained intact. Cytoplasmic organelles (e.g. mitochondria, Golgi complexes, elements of smooth endoplasmic reticulum) were dispersed throughout the ooplasm. A few cortical granules were found in the cytoplasm and beneath the oolemma. Microvilli were uniformly distributed over the surface of the oocyte.
Cumulus cells
Three-dimensional-cultured cumulus cells showed well-developed mitochondria, lipid droplets and lysosomes all clustered in the perinuclear region of the cells. The cytoplasm was filled with polyribosomes. Numerous intercellular junctions were seen at the area of contact between neighbouring cells (Fig. 4B) . A network of cytoplasmic processes was visible between intercellular spaces, which were often connected with each other (Fig. 4C) . Although a few necrotic cells could be observed, their presence was only sporadic.
Connections at the oocyte -cumulus interface were only rarely seen. Flat layers of cumulus cells were visible in close proximity to the zona pellucida, but they did not seem to be tightly connected by transzonal projections (TZPs) (Fig. 4D) . In most cases, the zona pellucida had a homogeneous structure, without traces of TZPs. In exceptional cases, some cumulus cell processes extended towards the zona, but did not grow further towards the oocyte ( Fig. 4E and F) .
Steroid production by cumulus cells during PMC
Steroids were measured in conditioned medium to estimate any adverse effects of collagen embedding and culture of cumulus cells on cell function. The cultured cumulus cells were capable to secrete estradiol (E 2 ) with a concentration of 340.6 + 107.6 pg/ml. Progesterone (P) concentration in cumulus-conditioned medium was 472.7 + 133.1 ng/ml. In the control medium, in the absence of cumulus cells, concentrations were significantly lower (23.1 + 4.1 pg/ml for E 2 and below the detection limit for P).
Discussion
In the present study, we aimed to design an improved 'rescue IVM' system for human denuded GV-stage oocytes retrieved from COH cycles. Although it is well known that leaving the cumulus oophorus intact during IVM is a prerequisite to obtain satisfactory results, our aim here was to apply a methodology which would better rescue the 'left-over' GV-stage oocytes, i.e. those that are punctured in the same follicular pool as the retrieved matured oocytes destined for patients' use. The oocytes were prematured in a 3D co-culture with cumulus cells embedded in an ECM prior to undergo final nuclear maturation. The rational for this two-step approach was based on the experience gathered from previous publications. Temporary prevention of spontaneous nuclear maturation with an oocyte-specific PDE3-I may allow better synchronization between cytoplasm and nuclear maturity (Nogueira et al., 2003 Thomas et al., 2004b) . In addition, to overcome the lack of cumulus cells during PMC and to simulate more accurately the naturally 3D-environment of the cumulusoocyte complex (COC), we opted for the use of an ECM (i.e. collagen) loaded with dissociated cumulus cells (Combelles et al., 2005) .
The principal findings from our study were a significantly higher fertilization rate of 3D-PMC oocytes compared with oocytes that underwent conventional IVM. Although 3D-PMC did not augment the fertilization capacity when compared with oocytes prematured in microdroplets, embryos on Day 3 post-ICSI from the 3D-PMC groups were of better quality and had fewer nuclear abnormalities compared with the other groups. These results suggest that the combination of a co-culture in the presence of an ECM may serve as a physiological support during the last stages of oocyte development.
The positive effect of the ECM on cellular behaviour in vitro, including ovarian cells, has already been explored extensively in previous studies. Human mural granulosa cells cultured on ECM, such as collagen, maintain a more highly differentiated morphology, possess an increased level of steroidogenic activity (Ben-Rafael et al., 1988; Bussenot et al., 1993) , produce significantly higher levels of cAMP (Furman et al., 1986) and induce de novo formation of gap junctions (Amsterdam et al., 1989) . It must be noticed, however, that the cells in these experiments were grown on top of an ECM-layer in a 2D way. In the present study, cumulus cells and oocytes were embedded within an ECM to create a 3D nature. Since the collagen preparation needs to be chilled (08C) to prevent early polymerization, the cells were submitted to an abrupt drop in temperature at the time of loading of the gel. This could be detrimental, especially for oocytes that are highly temperature sensitive (Wu et al., 1999; Vandevoort et al., 2008) . Therefore, one of the aims of the present study was to analyse any adverse effect of collagen-embedding procedure on cell viability and functionality. Although a larger sample would be necessary for a more conclusive statement, the present transmission electron microscopy (TEM) analysis could not reveal a negative effect on cell morphology. Numerous junctional complexes were formed between individual cumulus cells. In addition, cumulus cells were capable of secreting estradiol and progesterone, which demonstrates that the cells retained their steroidogenic activity. Furthermore, the presence of the collagen matrix did not reduce the effectiveness of the PDE3-I on keeping the oocytes arrested at the GV stage. Upon release from meiotic arrest and ECM, oocytes were competent to resume meiosis and progress to the metaphase II stage, which is an important functional end-point of the culture system. The kinetics of oocyte nuclear maturation was slowed down compared with the conventionally IVM group. This phenomenon is likely a result of the PDE3-I itself rather than the ECM, since a similar pattern of meiotic progression was seen in the microdroplet-PMC group. Based on these observations, we may conclude that cumulus cells and oocytes were able to withstand the cooling -warming step during Figure 4 TEM analysis of the 3D-PMC co-culture.
(A) Electron micrograph of a prematured 3D co-cultured GV oocyte. The cytoplasm is filled with evenly distributed organelles. The nucleus is spheroid with an intact nuclear membrane. Some cortical granules are visible just below the oocyte plasma membrane (arrows) (Â3000). Inset: microvilli are projected from the oolemma to the inner cortex of the zona pellucida (Â7000). (B) Junctional complex between neighbouring cumulus cells (arrow) (Â200 000). (C) Detailed image of a cellular process making contact with the cytoplasm of an adjacent cumulus cell (arrowhead) and a junctional complex at the level of the cumulus cell membranes (arrow). Note the accumulation of dense material at the regions of interactions. Many lipid droplets are present in the cytoplasm (Â120 000). Inset: dense network of long cellular processes between cumulus cells (Â120 000). (D) A layer of cumulus cells in close approximation with the zona pellucida. The cell surfaces of the cumulus cells have a smooth appearance. Lipid droplets are widely scattered throughout the cytoplasm. Although a small cell process is formed (arrow), it does not extend towards the zona (Â3000). (E) Examples of cytoplasmic projections at the oocyte -cumulus interface (see arrows) (Â200 000; Inset: Â120 000). (F) Detail of a long cytoplasmic process growing around a degenerated cumulus cell and making contact with the zona pellucida. Some cytoplasmic organelles are present within the cell process (Â120 000). CC, cumulus cell; LP, lipid droplet; MT, mitochondrion; MV, microvilli; N, nucleus; SER, smooth endoplasmic reticulum; ZP, zona pellucida.
embedding and polymerization of the collagen matrix. Still, it must be noted that there is a lack of information on cooling-induced changes at the biochemical and molecular level. A recent study by Succu et al. (2008) observed that vitrifying ovine oocytes negatively affects the content of transcripts related to several cell functions. A similar analysis of differences in gene expression might offer extra information on the effect of cooling during the embedding procedure on oocytes and/ or cumulus cells.
In a pilot study, we aimed to re-embed the 3D-cultured oocytes after the 24 h-PMC period in a new collagen gel in order to perform the IVM in a similar 3D-configuration. However, maturation rates never exceeded 50%, which was significantly lower compared with conventional IVM (data not shown). We know from the study of Combelles et al. (2005) that nuclear maturation within a collagen gel is feasible, since embedded oocytes matured at similar rates compared with non-embedded, conventionally matured oocytes. Therefore, we may conclude that repeated cooling -warming during the two-step culture should be avoided. Other types of ECMs, which do not have to be chilled before usage, could be tested for the present two-step culture. Such an example is the barium alginate capsule, a synthetic ECM (Torre et al., 2006) .
During the final stages of oocyte development, prior to ovulation, the oocyte undergoes a process of 'capacitation'. This process involves structural and biochemical changes within the cytoplasm (e.g. transcription of mRNA, post-translational modifications of proteins, relocations and modifications of organelles etc.) that are essential to sustain normal fertilization and further embryonic development (Hyttel et al., 1997; Dieleman et al., 2002) . Recently, Cavilla et al. (2008) demonstrated that human GV oocytes from COH cycles increase in size during a 48 h-IVM period, even in the total absence of somatic cellular support. Extending the period of GV-arrest in culture by blocking meiosis progression (i.e. PMC) might allow time to complete this capacitating and growth process. Our results demonstrate that 3D-PMC culture of GV oocytes increases fertilization rates compared with conventional IVM, while the effect of PDE3-I alone (microdroplet-PMC) had only a slight, non-significant influence on this parameter. Of interest is that embryo morphology on Day 3 and nuclear constitution were significantly enhanced in the 3D-PMC compared with the microdroplet-PMC. While the incidence of biand multinucleated, fragmented or anuclear blastomeres was not different between the two groups, a significant greater percentage of blastomeres in the 3D-PMC had a mononuclear nucleus compared with their counterparts in the microdroplet-PMC. This suggests that culture protocols for 'rescue IVM' requires a PMC in the presence of an appropriate in vitro environment, as we could establish by using the 3D co-culture approach. Future studies on chromosomal analysis should determine whether these embryos are also genetically normal (Nogueira et al., 2000; Emery et al., 2005) .
This study focused on oocyte-cumulus cell interactions as well. In the in vivo situation, cumulus cells possess highly specialized TZPs which penetrate through the zona pellucida and form gap-junctions at their tips with the oocyte. Via these gap-junctions, cumulus cells deliver numerous substances (e.g. amino acids, energy substrates, purines, cAMP etc.) to the oocyte (Albertini et al., 2001; Tanghe et al., 2002; Gilchrist et al., 2008) . There exist several ways to evaluate whether these connections could be reconstituted during the period of PMC (e.g. Lucifer Yellow microinjection; Luciano et al., 2004) . In the present study, we used electron microscopy to evaluate this parameter. As expected, newly developed TZPs reaching the oolemma could not be observed. Cytoplasmic processes extending from the cumulus cells might be unable to enter the zona pellucida. It is also possible that the development and outgrowth of TZPs towards the oolemma requires more time, since oocytes and cumulus cells are physically separated a considerable distance by the zona. Extending the PMC, for example, by an additional 24 h, might solve this problem. Another possible solution is the supplementation of the culture medium with compounds that favour the establishment of cellular contacts. An example of such a compound is cAMP. Intracellular cAMP has been shown to be a principal regulator of gap-junctions in various cell types and tissues (Cruciani and Mikalsen, 2002) . Treatment of bovine and human COCs with a combination of different cAMP-modulating agents extends the gap-junctional communication between the oocyte and the cumulus cells (Thomas et al., 2004a; Shu et al., 2008) . It would be interesting to explore if a similar treatment during prematuration could influence the de novo formation of TZPs in our 3D culture system.
On the other hand, details of the role and regulation of TZPs at this final stage of oocyte maturation are scarce. In vivo, the structure and number of TZPs changes during the maturation process (Allworth and Albertini, 1993; Motta et al., 1994) . While there are numerous junctions present between the oocyte and the cumulus cells at the pre-antral stage, their frequency decreases progressively as ovulation approaches (Gilula et al., 1978; Dekel et al., 1981) . Reports on whether junctional association between cumulus cells and oocytes is essential for the beneficial effect of co-culture are controversial (Ge et al., 2008) . Our results on embryonic developmental quality on Day 3 indicate that cytoplasmic maturation was improved to some extent without restoration of oocyte -cumulus cell contacts during PMC. Therefore, intracellular communication via paracrine signalling could have been compensated for the absence of oocyte -cumulus cell contacts (Carabatsos et al., 1998; Albertini et al., 2001) . The identification of these paracrine factors remains to be explored.
Another aspect that deserves attention is the source of cumulus cells used. These cells were taken from the COCs retrieved after exposure to hCG. This means that the cumulus cells were luteinized, a process which is associated with a decline in proliferative capacity and an increase in the expression of enzymes involved in the synthesis of progesterone (Paton and Collins, 1992) . It also leads to an increased production of inhibin (Seifer et al., 1996) . One may conclude that this differentiated cell stage is not appropriate to promote prematuration events of the oocytes. A better solution could be the use of granulosa cells which have not yet shifted to the luteinizing phase. Preferable sources to obtain these cells are follicular fluid aspirates retrieved from growing antral follicles during IVM cycles, in which the patient did not receive hCG (Lindeberg et al., 2007) . Nevertheless, our results on embryo quality on Day 3 post-ICSI suggest that the presence of cumulus cells during PMC, even if in the luteinized form, exerted a positive effect on oocytes' cytoplasmic maturity. The precise mechanisms causing this beneficial effect are unclear. It could be possible that the oocyte and the cumulus cells reciprocally supported each others physiology during PMC. A study from Nekola and Nalbandov (1971) demonstrated that granulosa cells cultured in close proximity to oocytes appeared to be less luteinized than those cultured without oocytes. A more recent study demonstrated that denuded bovine oocytes co-cultured with cumulus cells induce a dose-dependent suppression of cumulus cell apoptosis (Hussein et al., 2005) . This illustrates that the oocyte is not just a passive recipient of developmental signals from its associated somatic cells, but also plays key regulatory roles on neighbouring cumulus cells. The oocyte achieves this through the synthesis and secretion of oocyte-specific factors, such as growth differentiation factor 9 and bone morphogenetic protein 15, which act on cumulus cells to modify their proliferation, function and differentiation (Hutt and Albertini, 2007; Gilchrist et al., 2008) . Via this pathway, the oocyte is a principal regulator of its own meiotic and developmental competence. In our study, it might be possible that a similar bidirectional feedback loop between the oocyte and the cumulus cells took place during the PMC period, which resulted in the overall improved outcome following IVM.
Another possibility to explain our results is the protective role that cumulus cells may play by reducing cystine to cysteine and promoting the uptake of cysteine in the oocyte (Takahashi et al., 1993) . Via this pathway, cumulus cells may neutralize the damaging processes that reactive oxygen species may exert on oocytes during the course of PMC (de Matos et al., 1997) .
Finally, an important aspect that deserves attention when analysing the present results is the source of oocytes used in this study. The GV oocytes represent an already compromised group of oocytes retrieved from follicles that failed to conclude maturation in vivo in response to the hormonal stimulation. Therefore, these 'rescue IVM' oocytes should not be considered as a first choice for the infertility treatment of the patient. Nevertheless, in some patients with a low number of mature oocytes at the day of retrieval, these oocytes could be used in order to increase the number of fertilizable oocytes.
Conclusion
In conclusion, the present results provide a proof of concept for a novel and efficient culture approach for human 'rescue IVM'. Before any clinical application in human IVF, complete testing of possible increased risks of aneuploidy is necessary. In addition, further studies involving embryo transfer in large mammals might reveal the level of epigenetic risks that this technique could bring.
